Engagement of high-affinity IgE receptors leads to activation oftyrosine and serine/threonine kinases and the immediate phosphorylation of receptor 13 (serine and tyrosine) and y (threonine and tyrosine) chains. Receptor disengagement leads to dephosphorylation of 13 and y chains via the action of undefined phosphatases. Here we have identified five distinct polypeptides associated with the high-affinity IgE-receptor tetrameric complex, which apparently become phosphorylated and dephosphorylated in sequence with the (3 and y chains. Like .8 chain, polypeptides ppl80, pp48, pp42, and pp28 are phosphorylated on serine and tyrosine, whereas ppl25 is only phosphorylated on serine. The phosphorylation of each of these receptor-associated polypeptides is antigendose dependent and is restricted to activated receptor complexes. Furthermore the physical association between pp125 and the receptor is quantitatively affected by receptor phosphorylation and dephosphorylation, indicating a couplinguncoupling mechanism. Finally, in vitro kinase experiments show that activated receptor complexes are also physically associated with tyrosine and serine/threonine kinases as part of a larger complex containing the phosphorylated polypeptides.
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The high-affinity IgE receptor (FcERI) plays a key role in initiating allergic reactions (1, 2) . This receptor, expressed on the cell surface of mast cells, basophils, and Langerhans cells (3, 4) , is a tetrameric complex composed of the IgE-binding a chain, a ,3 chain with four transmembrane domains, and a homodimer of disulfide-linked y chains, with one transmembrane domain each (2) . It is now clear that the /3 and y chains play a critical role in linking the IgE-binding aspect of the receptor to the signal-transduction processes that occur inside the cell. Truncation of the carboxyl-terminal cytoplasmic domain of 8 and/or y chain abolishes FcERI-mediated activation in a reconstituted system (5) . In addition, chimeric molecules constructed with the cytoplasmic domain of y chain induce signaling when transfected into T-cell or basophilic cell lines (6, 7) . Interestingly, the / and ychains contain specific amino acid motifs that are similar to those found in the T-cell receptor-, 8 , E, ', and -q chains and the B-cell antigen-receptor B29 and mbl subunits (8, 9) . In fact, these motifs may represent the functionally relevant segments for coupling the receptors to the other elements in the signaltransduction machinery.
We have previously shown that engagement of FCeRI with IgE and a multivalent antigen leads to rapid phosphorylation of 8 chain (on tyrosine and serine) and y chain (on tyrosine and threonine) (10) . The phosphorylation signal is restricted to activated receptors and is immediately reversible upon receptor disengagement. We have conjectured that phosphorylation and dephosphorylation may serve to couple and uncouple the activated receptor to other effector molecules in the signaling cascade. Thus, the goal of our present study was to discover such potential effectors. Here we show that FcERI is actually part of a large complex of phosphoproteins, some of which are coupled/uncoupled after receptor engagement/disengagement. '7] decan]-4-yI)phenyl phosphate (AMPPD), was purchased from Tropix (Bedford, MA). Anti-DNP monoclonal mouse IgE was purified from the supernatant of hybridoma Hi-DNP e 26.82 (11) in a mini flo-path bioreactor (Amicon) by ion-exchange chromatography on diethylaminoethyl-Trisacryl (IBF). The antiphosphotyrosine antibody 4G10 was purchased from UBI (Lake Placid, NY); the rabbit anti-mouse conjugated to alkaline phosphatase was from Jackson Immunoresearch; antiFcERI 3-subunit antibody JRK (12) and anti-FceRI y-subunit antiserum have been described (13) , and anti-FcERI a-subunit antibody BC4 (14) was provided by R. Siraganian (National Institutes of Health, Bethesda, MD).
MATERIALS AND METHODS
Cell Culture. A subline. of 2H3 rat basophilic leukemia (RBL) cells with high ability to release serotonin was obtained from B. Rivnay (Procept, Boston, MA). Cells were maintained as an adherent monolayer in minimal essential medium with Earle's salts/16% heat-inactivated fetal bovine serum/1% L-glutamine at 37°C with 5% Co2.
In Vivo Phosphorylation, Immunoprecipitation, Electrophoresis and Immunoblotting. RBL 2H3 cells were first loaded with monomeric monoclonal anti-DNP mouse IgE and labeled with [32P]orthophosphate. FcERI were then engaged with multivalent antigen and disengaged with monovalent antigen, solubilized, immunoprecipitated, and analyzed by SDS/PAGE and autoradiography and/or immunoblotting as described (10) . Phospho Amino Acid Analysis. Two-dimensional thin-layer electrophoresis (TLE) of phospho amino acids was performed by a modification of a described method (15) . Gel slices corresponding to different phosphoproteins were cut, digested, and hydrolyzed as described (10) . Samples containing unlabeled phosphotyrosine, phosphothreonine, and phosphoserine (5 ,ug each, Sigma) as standards, were applied to cellulose plates (100-,um DC-cellulose, EM Separations, Abbreviations: DNP-Lys, E-dinitrophenyllysine; DNP-HSA, 2,4-dinitrophenyl human serum albumin (with 30 molecules of DNP per molecule of HSA); RBL, rat basophilic leukemia; TLE, thin-layer electrophoresis; FcERI, high-affinity IgE receptor; mAb, monoclonal antibody; pp followed by n, polypeptide(s) of n kDa.
Proc. Natl. Acad. Sci. USA 89 (1992) Gibbstown, NJ) and separated by electrophoresis in the first dimension at pH 1.9 [50 ml of formic acid (88%), 156 ml of glacial acetic acid, and 1794 ml of water] for 20 min at 1500 V followed by a second dimension at pH 3.5 (100 ml ofglacial acetic acid, 10 ml of pyridine, and 1890 ml ofwater) for 30 min at 1300 V. The standards were developed by ninhydrin, and the 32P-labeled amino acids were identified by autoradiography.
Biosynthetic Labeling. RBL 2H3 cells were incubated in methionine-and cysteine-free medium for 4 hr and labeled for 18 hr with 1 mCi per 150-cm3 confluent flask (1 Ci = 37 GBq) with a [35S]methionine/[35S]cysteine protein mix. Stimulation, lysis, and immunoprecipitation were done as described (10) .
In Vitro Kinase Assay. RBL 2H3 cells were stimulated with DNP-HSA and then lysed in the absence of bovine serum albumin. The protein concentration of the lysates was determined by a Bio-Rad protein assay (Bio-Rad). Five micrograms of lysate was precleared with protein A-Sepharose beads and sequentially immunoprecipitated first with nonspecific rabbit IgG and then with rabbit polyclonal anti-IgE bound to protein A-Sepharose. The kinase reaction was done as described (16) . (data not shown) confirm the presence of (3 chain (-33 kDa) and y chain (=14 kDa, also including the 16-kDa doublet) in the anti-phosphotyrosine immunoprecipitate. Thus, as reported (10, (17) (18) (19) (20) , many different substrates of tyrosine phosphorylation, including the receptor f and y chains themselves, are either directly precipitated or coprecipitate with an anti-phosphotyrosine mAb after receptor engagement.
To investigate whether some of the phosphorylated polypeptides are associated with surface FceRI, we analyzed anti-IgE immunoprecipitates of surface receptors triggered via IgE anti-DNP and antigen ( Fig. 1, middle lanes) . In addition to the expected phosphorylation of f8 and y chains, receptor engagement induces the phosphorylation of additional polypeptides that coprecipitate with the receptor itself (compare lanes 5 and 6). The most prominent of these phosphoproteins have relative molecular-mass weights of 125, 48, and 42 kDa. A fainter band is also detected reproducibly at 28 kDa, and although not seen here, an additional =180-kDa band can be detected occasionally. a.
-. total level of phosphorylation of(3 and y chains increases with antigen dose and reaches a maximum at a DNP-HSA level of =100 ng/ml. Immunoblotting with an anti-phosphotyrosine mAb reveals that the level of tyrosine phosphorylation of ( chain similarly reaches maximum at 100 ng/ml (Fig. 2c) . However, phosphorylation of ppl80 is almost maximal at a low dose (10 ng/ml), whereas phosphorylation of pp125 requires a higher antigen dose (1 ,ug/ml) to be readily detected. Therefore, the phosphorylation of each substrate seems to vary independently with antigen dose, and at least 1 ,ug of antigen per ml is necessary to detect the five substrates simultaneously. Under these conditions (1 ,g/ml), an immunoblot with anti-(3 chain (Fig. 2b) shows that the recovery of receptors after solubilization slightly decreased, suggesting an increased interaction between receptor and cytoskeleton. Time-course experiments with antigen at 100 ng/ml (data not shown) confirm our previous results (10) that the receptor phosphorylation is very rapid, almost reaching the maximum within 15 s, and show that the phosphorylation kinetics is very similar for all receptor-associated phosphoproteins. The differences in antigen concentration required for maximal phosphorylation of the associated proteins may reflect a process that involves either recruitment of some phosphoproteins to the FcERI complex or phosphorylation of preexisting nonphosphorylated proteins or a combination of each. Phospho Amino Acid Analysis of the Associated Proteins. The phospho amino acid composition of the associated proteins was analyzed by two-dimensional TLE after gel extraction and hydrolysis of ppl80, ppl25, pp48, pp42, and pp28 (Fig. 2d) . Except for pp42, which is not detected in unstimulated cells, the other substrates are phosphorylated on serine residues under resting conditions. In addition, a low level of tyrosine phosphorylation may appear on ppl80. As previously shown for the ,6 chain, receptor engagement induces tyrosine phosphorylation while increasing serine phosphorylation of ppl80, pp48, pp42, and pp28. Remarkably, the serine phosphorylation on ppl25 increases dramatically without concomitant tyrosine phosphorylation.
Phosphorylation of Receptor-Associated Substrates Is Restricted to Activated Receptors. To examine whether the increase in phosphorylation of substrates occurs only on those substrates that associate with activated receptors, we compared a fraction of engaged receptors with a fraction of nonengaged receptors present on the surface of the same cells. For this comparison, only a fraction of receptors (20-30%o) was bound with IgE and subsequently engaged with multivalent antigen. The activated receptors were immunoprecipitated with anti-IgE, and the other fraction of nonactivated receptors were immunoprecipitated with an anti-a mAb (BC4) specific for empty receptors (14) . Fig. 3a shows that phosphorylation of the receptor-associated proteins is only detected when the 20-30%o fraction of activated recep (Fig.  3b) shows that the addition of monovalent hapten is not only followed by dephosphorylation of the fB and 'y chains as has ing anti-DNP IgE, the receptors were engaged with DNP-HSA and, after cell lysis, were immunoprecipitated with anti-IgE and analyzed by SDS/PAGE (Fig. 4) . As expected, the a chain is detected as a broad band centered at S50 kDa, and the f3 chain is seen as a doublet or triplet at -30 kDa, depending upon the particular experiment. Equal amounts of material were loaded into each lane as indicated by equivalent signals generated by the metabolically labeled a and f3 chains. The monomeric y chain is poorly seen (at front ofgel), most likely because the processed y chain does not contain any methionines and the amount of cysteines relative to inethionines in the labeling mix is small. Under resting conditions, multiple bands coprecipitate with the receptor, two ofwhich bear the same apparent molecular masses as the phosphoproteins ppl80 and ppl25 previously described. No band is seen at :42 kDa, and the region near 28 kDa is masked by the lower band of the f3 chain (presumably the nonphosphorylated form), making it impossible to detect additional proteins. After receptor engagement, the associ- ation between the receptor and the 125-kDa band clearly increases, reproducibly seen in four different experiments. Moreover, de novo association occurs between the receptor and the bands of =42 and 26 kDa. In an experiment of receptor disengagement (Fig. 4, lane 4) , the increased association of the 125-kDa protein with the engaged receptor is followed by a disassociation from the disengaged receptor. Receptor disengagement also leads to the appearance of an -40-kDa band, although this result was not reproducible in all experiments. Therefore, engagement and disengagement of the receptor results in coupling/uncoupling between the receptor and several proteins.
Ineased/Decreased Asodation of Kinse Acivity with
Receptor After Receptor En t/D e nt
To investigate whether the kinases responsible for phosphorylation of the various substrates are part of the receptor complex, we performed in vitro kinase assays after immunoprecipitation with the anti-IgE antibody. The immunoprecipitates oflysates from activated cells had increased kinase activity as evidenced by the increase in phosphorylation of several substrates associated with the receptor (Fig. 5) . The phosphorylated proteins correspond to the and y chains of the receptor (pp33 and ppl4), a prominent pp72 that may be identical to a pp72 seen in RBL cells (17) , a pp56 that may be the tyrosine kinase lyn, and the major substrates of in vivo phosphorylationpp180, pp125, pp48, pp42, and pp28. After receptor disengagement with hapten, the immunoprecipitates exhibited reduced kinase activity, as seen by reduced phosphorylation of the various substrates. TLE analysis ofthe majorphosphoproteins showed that the pp72 is phosphorylated on seine and tyrosine after receptor engagement (data not shown). The other phosphoproteins (ppl80, ppl25, pp48, pp42, and pp28) exhibited TLE patterns similar to those seen previously (Fig.  2d) kinase activity (16, (21) (22) (23) (24) (25) . Triggering of mast cell lines through FcERI,. one such receptor, induces the activation of src family tyrosine kinases (16, 21) . These, and possibly other as-yet-unidentified kinases, are responsible for the triggeringinduced phosphorylation of specific intracellular substrates including the 'yl isoform of phosphatidylinositol-specific phospholipase C (26) (27) (28) and the ,B and y subunits of FcERI (10) . Tyrosine phosphorylation of phosphatidylinositolspecific phospholipase C results in increased phospholipase C catalytic activity and activation of the inositol phosphate pathway (27) (28) (29) . The purpose for and 'y phosphorylation, though, is not clear. The rapidity of phosphorylation after receptor engagement and the specificity of phosphorylation to activated receptors suggest that receptor phosphorylation may serve to link the receptor to specific elements in the signal-transduction cascade. In addition, the immediate reversibility of phosphorylation upon receptor disengagement may indicate a coupling and uncoupling mechanism that parallels the activation state of the receptor.
In this study we have identified at least five additional substrates that form a complex with the receptor. Crosslinking leads to apparent phosphorylation of these substrates in a time-and dose-dependent fashion, similar to that shown for and y chains (Fig. 2a) . By analyzing phospho amino acids on each of the major substrates, we show that pp180, pp48, pp42, and pp28 are all phosphorylated on both serine and tyrosine and pp125 is phosphorylated only on serine, after triggering (Fig. 2d ).
An interesting feature of our system in which FceRI is first bound by IgE and then engaged by multivalent antigen is that we can saturate less than 100% of the receptors with IgE and then examine independently in the same cell the antigentriggered and nontriggered receptors. As already mentioned, such an analysis shows that only the and y subunits associated with the triggered FceRI are phosphorylated (10) . The phosphorylation of the other receptor-associated phosphoproteins is similarly restricted to triggered receptors (Fig.  3a) (10) , the receptor-associated phosphoproteins are also dephosphorylated after receptor disengagement (Fig. 3b) Triggering of FcERI induces the activation of lyn, a member ofthe src family of tyrosine kinases, in RBL cells (16) . In addition, an increase in kinase activity, which may be due, in part, to activated lyn, can be seen after engagement and precipitation of FCERI (Fig. 5) . The 
